The C. elegans gut descends from the E progenitor cell through a series of stereotyped cell divisions and morphogenetic events. Effects of perturbations of upstream cell specification on downstream organogenesis have not been extensively investigated. Here we have assembled an allelic series of strains that variably compromise specification of E by perturbing the activation of the gut-specifying end-1 and end-3 genes. Using a marker that allows identification of all E descendants regardless of fate, superimposed with markers that identify cells that have adopted a gut fate, we have examined the fate of E lineage descendants among hundreds of embryos. We find that when specification is partially compromised, the E lineage undergoes hyperplasia accompanied by stochastic and variable specification of gut fate among the E descendants. As anticipated by prior work, the activation of the gut differentiation factor elt-2 becomes delayed in these strains, although ultimate protein levels of a translational ELT-2::GFP reporter resemble those of the wild type. By comparing these effects among the various specification mutants, we find that the stronger the defect in specification (i.e. the fewer number of embryos specifying gut), the stronger the defects in the E lineage and delay in activation of elt-2. Despite the changes in the E lineage in these strains, we find that supernumerary E descendants that adopt a gut fate are accommodated into a relatively normal-looking intestine. Hence, upstream perturbation of specification dramatically affects the E lineage, but as long as sufficient descendants adopt a gut fate, organogenesis overcomes these effects to form a relatively normal intestine.
Introduction
Organogenesis is an essential part of metazoan development. During this process, progenitor cells activate gene regulatory networks to drive specification, regulate mitotic divisions, direct cell migration and morphogenesis to form the appropriate shape of an organ or tissue, and activate terminal tissue-specific genes. In the face of sources of gene expression variation, robustness of organ formation is generally assured by several mechanisms. Embryonic gene networks include feed-forward and autoregulatory loops that enforce downstream gene activation and maintain cell identity (Davidson, 2010) . Organ size can be regulated by global and local mechanisms that influence cell proliferation and cell size (Hariharan, 2015; Irvine and Harvey, 2015; Patel et al., 2017) . Experimental perturbations of the earliest steps in organ specification, therefore, might not always have consequences for later organ development, depending on the extent to which compensatory mechanisms can overcome their effects.
In the nematode C. elegans, embryonic patterning must be especially robust because the animal lacks compensatory mechanisms to replace missing somatic cells. In particular, the gut (intestine) is clonally generated from a single embryonic cell called E (Fig. 1A) . In wild-type animals, the E cell undergoes a stereotyped pattern of cell divisions to produce 20 (and rarely, 21 or 22) cells that form the larval intestine ( Fig. 1B ; Sulston et al., 1983) . During embryogenesis, the developing gut primordium undergoes morphogenesis in a highly reproducible way with only minor animal-to-animal variation (Asan et al., 2016) . Because the E founder cell generates only one tissue, and development occurs in a highly predictable way from one embryo to the next, the intestine has been a good model for investigating the relationship among specification, cell fate and the cell lineage (Boeck et al., 2011; Maduro, 2017; Sulston et al., 1983) .
The gene regulatory network that drives E specification has been a focus of study for more than 25 years (Fig. 1C) . The most critical zygotic regulators for specifying gut are the paralogous and redundant END-1 and END-3 GATA transcription factors, as loss of both genes together results in a complete failure to specify endoderm (Maduro et al., 2005a; Owraghi et al., 2010) . The absence of gut is sometimes compatible with normal development of the rest of the embryo, resulting in a larva with an absent gut but relatively normal morphogenesis (Maduro, 2009; Owraghi et al., 2010) . Normal expression of the end genes occurs in the early E lineage, but only transiently, as their primary function is to activate expression of elt-2 and elt-7. Expression of elt-2 and elt-7 is then maintained by positive autoregulation throughout the remainder of development and adulthood Sommermann et al., 2010) . ELT-2 is the predominant factor maintaining intestinal fate, as loss of elt-2 alone results in embryos that contain a malformed gut, while loss of elt-7 alone has no apparent phenotype though its loss can synergize with loss of elt-2 Sommermann et al., 2010) . All four of END-1, END-3, ELT-2 and ELT-7 form a group of 'endodermal GATA factors' that have similar transcription factor activities, in that any of one of them is sufficient to specify the gut when overexpressed ectopically, and ELT-2 under the control of the end-1 promoter can even specify gut in the E lineage in the absence of the other three genes (Du et al., 2016; Maduro et al., 2005a; Sommermann et al., 2010; Wiesenfahrt et al., 2015; Zhu et al., 1998) . Parallel maternal and zygotic inputs upstream of END-1, END-3, ELT-2 and ELT-7 contribute to timely activation of end-1 and end-3 in the early E lineage (Maduro et al., 2005b (Maduro et al., , 2001 Shetty et al., 2005) . These upstream factors are also required for specification of other early embryonic cells, hence their perturbation results in embryos that arrest with abnormal morphogenesis (Bowerman et al., 1992; Hunter and Kenyon, 1996; Lin et al., 1995) .
An important question in development is how developing embryos cope with the stochastic nature of gene expression. Expression variation due to intrinsic and extrinsic factors occurs in many systems (Blake et al., 2003; Colman-Lerner et al., 2005; Holloway et al., 2011; Raj et al., 2010) . The branched, redundant architecture of the zygotic gut specification network in C. elegans makes gut specification robust, but it also allows the construction of strains that have partial defects in gut specification in which the inherent variability of gene expression becomes apparent (Maduro et al., , 2007 . In such backgrounds, which we call "Hypomorphic Gut Specification" or HGS strains, gut development becomes highly stochastic: The number of gut nuclei that are made, as identified by expression of an elt-2::GFP transcriptional reporter, varies from none to over 30 (Maduro et al., , 2007 . We have interpreted these results to mean that gut specification is not strictly an all-or-none phenomenon at the level of the E blastomere, and proposed that the variable number of gut nuclei in HGS embryos is likely to be the result of two effects occurring simultaneously: One is an increase in the number of cells made by E, and the other is a stochastic adoption of gut fate among those descendants (Maduro, 2015) .
Here, we examine gut specification mutant strains for their effect on the E lineage, from mid-to late embryogenesis. We use a two-reporter strategy that allows us to visualize, at any embryonic stage, all descendants of the E cell as well as those E descendants that have committed to a gut fate. We find that all HGS strains produce extra cell divisions within the E lineage, and that the stronger the defect in gut specification, the lower the proportion of cells that commit to a gut fate. Surviving HGS adults have more similar numbers of gut nuclei across all HGS strains, consistent with a required minimum number of gut cells for survival past the first larval stage. We find that expression of the terminal regulator ELT-2 is delayed in HGS embryos, proportional to the severity of the specification defect, but that final levels of ELT-2 expression are essentially normal. Finally, using a marker that enables visualization of cell membranes in the gut primordium, we find that the developing gut can accommodate extra cells produced by the E lineage, both in HGS strains as well as in a previously described mutant that dramatically increases cell divisions with the E lineage without affecting cell specification. Together, these results show that timely activation of gut specification is critical for establishing the correct pattern of cell divisions within the E lineage and the full commitment of all E descendants to an intestinal fate. We also find that variability in the pattern of cell divisions with the E lineage can be accommodated during gut development, as long as sufficient E descendants adopt a gut fate.
Materials and methods

Strains and worm handling
The wild-type control was N2. All strains were grown on E. coli OP50 and maintained at 20-22°C and observed at 23-25°C except as noted. Mutations and transgenes were as follows.
LG I: cdc-25.1(rr31), irSi10 [end-3(MED sites mutated) + Cb-unc-119], irSi13 [end-3(+) + Cb-unc-119(+)].
LG II: irSi7 [end-1(MED sites mutated), Cb-unc-
LG III: med-2(cxTi9744).
LG IV: him-8(e1489), him-8(me4), irIs98 , end-1(MED sites mutated), end-3(MED sites mutated), irSi24 [pept-1/opt-2::mCherry::H2B, Cb-unc-119(+)], itIs37 , pie-1::H2B::mCherry].
LG V: end-1(ok558), end-3(ok1448), end-3(ir62), end-3(ir64), oxTi389 Mutations and transgenes were combined using standard crosses. The cdc-25.1(rr31) strain was grown at 23-25°C. Because of the close proximity of zuIs70 to end-3 ( < 2 map units), we made a de novo null mutation (ir64) in end-3 in a zuIs70 strain using CRISPR/Cas9-mediated mutagenesis (Arribere et al., 2014) with guide RNAs with targeting regions 5′-aaacacgtgaaatttagag-3′ and 5′-tcgggaaacgaaattgtgg-3′, which delete 1.1 kbp of the end-3 Fig. 1 . Endoderm specification and E lineage development. (A) The locations of the E lineage nuclei at various stages in normal development, modified from (Maduro, 2015) . Overall embryogenesis takes~12 h at 25°C (Sulston et al., 1983) . (B) Cell division pattern of the wild-type E progenitor cell, after (Sulston et al., 1983) . The vertical axis is time and a horizontal line indicates a cell division. The approximate time of transcription of end-3 and elt-2 is shown to the right of the diagram. (C) Simplified pathway showing hierarchy of transcription factors, modified from (Maduro, 2015) . The endoderm specification strains described in this work perturb the overall contributions made by the MED-1,2 and END-1,3 regulators in a way that does not affect other lineages. Embryos are~50 µm long and the larva is~200 µm long. Dorsal is at top and anterior is to the left. locus including its promoter and most of the END-3 coding region. The ir64 lesion is identical to that of ir62 which was made in an N2 background (strain MS2267). Mutations in him-8 were used to generate males, and the resulting strains were confirmed to be lacking him-8 by the absence of males over several generations. To facilitate recovery of some strains, mapped transgene insertions were used as counter-selection markers. Recovery of strains was confirmed by PCR, reporter expression and/or expected phenotype. Some strains may carry a background unc-119 mutation whose phenotype is rescued by the presence of one or more integrated transgenes carrying unc-119(+).
Construction of specification-compromised strains
Endoderm specification strains are listed in Table 1 . Construction of MS1762, MS1763, MS1809, and MS1810 was described previously . MS1548 was produced as follows. Plasmid pMM869 was constructed, which carries Cb-unc-119(+) and the end-1 and end-3 genes with mutations in the MED binding sites as described . pMM869 was integrated into the genome by microparticle bombardment of an unc-119(ed4) strain (Praitis et al., 2001) . The resulting integrated line was crossed into an unc-119(ed4); end-1(ok558) end-3(ok1448); Ex[end-3(+), sur-5::dsRed] strain and F 2 progeny were obtained that failed to segregate Unc and which lacked the end-3(+) array. The resulting strain, end-1(ok558) end-3(ok1448); unc-119(ed4); irIs98 was saved as MS1548. We note that both the MS1548 and MS404 strains, and others derived from them, exhibit a tendency to undergo a phenotypic suppression after several months of laboratory propagation. We regularly obtained stocks of the original isolates of these strains from frozen storage, especially for work involving quantification of traits that tracked with the severity of the gutless phenotype. We note that while strain MS1763 did produce viable animals, the proportion of surviving adults was so low ( < 5%) that we did not use this strain for most experiments. We performed detailed analyses on only a subset of the HGS strains as effects were generally similar across all strains in preliminary assays.
Microscopy, imaging and data analysis
Conventional epifluorescence and differential interference microscopy were performed on an Olympus BX-51 microscope, imaged through an LMscope adapter (Micro Tech Lab, Graz, Austria) and Canon Rebel T1i Digital Camera using software supplied with the camera. Confocal Microscopy was performed on a Zeiss 510 LSM at the UC Riverside Microscopy Core. To obtain staged embryos for the analyses in Fig. 4 , gravid hermaphrodites were dissected with a 25-gauge needle and 4-cell stage embryos were collected and placed on an unseeded 6-cm agar plate and allowed to develop for 5 h in a 20°C incubator. For microscopic observation, embryos were mounted as described . Images were combined, adjusted for color/contrast and cropped using FIJI (ImageJ) and Adobe Photoshop. To generate heat maps for Fig. 4 , the summed Z-stack red channel (mCherry) images were converted to binary format with FIJI, where the red signal was converted to black, and the background to white. These images were compiled into a stack with the Images to Stack tool. Heat maps were generated with the heat map tool in FIJI on the newly built stacks. Plots were generated in ggplot2 in an R environment (http://ggplot2.org) or Microsoft Excel.
Results
3.
1. An allelic series of strains affecting specification of (only) the gut
We have assembled a set of strains that specifically interfere with the MED-END regulatory chain in the early E lineage but which do not affect other tissues (Fig. 1C) . Two of the strains never make gut, while control strains make gut 100% of the time. The remainder, which we call "Hypomorphic Gut Specification" (HGS) strains, exhibit a range of penetrance from 28% to 96% of embryos making gut (Table 1) . Two of the HGS strains are chromosomal mutants, i.e. the single null mutant end-3(ok1448) and a double mutant of med-1(ok804) and end-3(ok1448) (Maduro et al., 2005a (Maduro et al., , 2007 . The remaining strains consist of an end-1(ok558) end-3(ok1448) double null mutant background with single-copy transgenes of end-1 and/or end-3 with mutated MED-1,2 binding sites . To facilitate reference to the individual strains, we will use the notation E(X) to indicate a strain in which E makes gut in X% of embryos, rounded to the nearest multiple of 5 (see Table 1 ). In this work we use these strains to determine how effects on E lineage development correlate with effects on gut specification and development.
The E lineage becomes stochastic in partial-specification strains
We first used the HGS strains to determine the relationship between the degree of partial specification and changes in the E lineage. To evaluate production of gut nuclei, we used an integrated, nuclear-localized elt-2::GFP reporter, wIs84. We counted 20.0 ± 0.5 SD elt-2-expressing nuclei in E(100) controls, consistent with expectation (Table 2 ; Fig. 2A, panel a, Fig. 2B ). We then counted the number of elt-2::GFP-expressing cells in late embryos of HGS strains containing at least one such cell. All strains, even the mildly affected E(95) strain, exhibited a wide range in the number of gut nuclei produced, from as few as 1 to as many as 34 nuclei (Fig. 2B) . The mean number of nuclei, which varied from 7.3 ± 5.3 for the severe E(30) strain to 19.7 ± 6.7 for 
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a Gut was scored by presence of any amount of birefringent gut granules. b Percentage of eggs laid that survive to adulthood. c Strain described in Maduro et al. (2015) . d Strain described in Maduro et al. (2007) . e These strains were maintained by an extrachromosomal array balancer carrying end-3(+) and a broadly-expressed sur-5::dsRed fluorescent reporter. Progeny embryos lacking the reporter were scored for the presence of gut. f Strain described in Owraghi et al. (2010) .
H. Choi et al. Developmental Biology 427 (2017) 49-60 the E(95) strain, correlated well with the percentage of embryos that make gut in the strain overall (R 2 =0.84; note that the horizontal scale is not uniform). These results confirm across all the HGS strains that when an embryo contains gut-like cells, it does not mean that the gut is normal; that is, gut specification is clearly not an "all-or-none" event, otherwise every embryo with gut should contain 20-22 nuclei expressing elt-2::GFP.
We were next interested in the variation in gut nucleus number in Fig. 2 . Number of gut nuclei correlates with severity of specification defect in late-stage embryos, and less so in surviving L4 animals. (A) Examples of embryos (top row) and L4 animals (bottom two images). Gut nuclei were counted in living embryos homozygous for a nuclear-localized elt-2::GFP transcriptional reporter (wIs84), and in L4 animals with a single-copy nuclear-localized pept-1::mCherry reporter (irSi24), pseudocolored yellow. The embryo images are overlaid with a DIC image of the same embryo. An embryo is approximately 50 µm along its long axis, and the L4 intestines are approximately 750 µm long. Anterior is to the left. (B) Perturbation of specification causes aberrant numbers of gut nuclei to form, in a quantity proportional to the severity of the defect in specification. We note that the proportion of gut specification across the X-axis is not linear as shown. (C) Surviving L4 animals display a similar range of aberrant gut nuclei that may be only mildly correlated with severity of specification. All four of the specification strains had gut nucleus numbers significantly different from the control (p < 0.004, t-test). Compared with end-3, E(75) was not significantly different (p=0.07) while the other two strains were (p < 0.005). Pairwise differences among E(75), E(50) and E(40) were not significant (0.06 < p < 0.2). (D) The gain-of-function cdc-25.1(rr31) results in an increase in the number of gut nuclei that is not significantly enhanced by the E(95) or E(50) genetic backgrounds (p=0.07 and p=0.05, t-test). The E(95); cdc-25.1 and E(50); cdc-25.1 strains were significantly different from each other (p=0.0003). (0), end-1(ok558) end-3(ok1448), with no intestinal cells (Owraghi et al., 2010) . In such embryos, E adopts the fate of the C cell, and produces muscle and hypodermal cells (Maduro et al., 2005a; Owraghi et al., 2010) . These ectopic C-like descendants are found in various positions throughout the larva (E). The ectopic expression in the head is also visible (arrowhead). Images are shown at the same scale. The larva in (D) is approximately 200 µm long. H. Choi et al. Developmental Biology 427 (2017) [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] adults. The production of a small number of gut cells in the embryo is incompatible with survival past the first larval stage, as animals lacking a functional intestine arrest as embryos or L1 larvae Owraghi et al., 2010) . Whereas newly hatched larvae contain 20 intestinal nuclei, adults contain 34: During the L1 stage, 14 gut nuclei undergo a division without cytokinesis, bringing the total number of nuclei to 34, though the number can vary slightly (Sulston and Horvitz, 1977) . Recent work suggests that animals can survive to adulthood with fewer than 20 gut cells. Loss of cdc-25.2 function results in embryos that make only 16 gut nuclei, as the last four divisions in E development do not occur (Lee et al., 2016) . The adults from such embryos retain 16 gut nuclei, as the postembryonic binucleations also become suppressed. Hence, depending on whether or not binucleations occur in HGS strains, we might expect to see fewer than 34 gut nuclei among surviving adults. To count adult intestinal nuclei, we used a single-copy transgene reporter, irSi24, which carries a nuclear-localized pept-1::mCherry fusion . In the control we counted 33.9 ± 1.0 nuclei as expected (Table 2 ; Fig. 2A , panel d, and Fig. 2C ). Among the HGS strains we tested, counts of gut nuclei varied from as few as 25 to as many as 59 (Fig. 2C) . The mean numbers across HGS strains ranged from 36.6 ± 6.3 in E(40) to 41.4 ± 7.9 in E(95), and we found a similar correlation between the gut nucleus counts and HGS severity among the HGS strains (R 2 =0.93). An increase in cell divisions might be due to either a partial transformation to an alternate fate, as the other fates acquired by E in specification backgrounds are C or MS, which make 47 and 80 cells, respectively (Maduro, 2015; Sulston et al., 1983) .
The numbers of embryonic and adult gut nuclei allow us to infer the occurrence of postembryonic nuclear divisions in most (if not all) surviving HGS embryos. For each HGS strain, we sorted the numbers of gut nuclei from highest to lowest, then took the top fraction that correspond to the viability of the strains as reported in Table 1 . This produces average numbers of embryonic gut nuclei that range from 20.7 ± 4.1 for E(40) to 22.4 ± 3.6 for E(95). Compared with the average numbers of gut nuclei at L4 of 36.6 ± 6.3 in E(40) to 41.4 ± 7.9 in E(95) reported above, we can infer that~16 to 19 postembryonic nuclear divisions occur across surviving HGS embryos. This is higher than the wild-type number of 14, suggesting that some of the extra gut nuclei in HGS embryos also undergo a postembryonic division. There is evidence for such additional nuclear divisions in the cdc-25.1(rr31) strain, in which there are an average of 21 more nuclei between late embryos and L4s (Table 1) .
The survival of L4 animals with fewer than 30 gut nuclei (Fig. 2C ) can also be used to estimate the minimum number of embryonic gut nuclei that are compatible with survival past the larval stages in the HGS strains, by taking the lowest number of nuclei in the proportion of survivors. These are 17 for E(95), 15 for E(75), 19 for E(50) and 18 for E(40). These numbers are approximately consistent with prior results that 16 embryonic gut nuclei are compatible with survival (Lee et al., 2016) , but in the case of the more strongly affected HGS strains, a slightly higher number of gut nuclei may be required for viability.
Overall, these results confirm that among all HGS strains, the number of gut nuclei produced in embryos and adults correlates with the severity of the gut specification defect.
Production of extra gut cells in HGS strains does not synergize with cdc-25.1(gf)
Gain-of-function mutations in cdc-25.1 result in extra cell divisions in the developing E lineage, resulting in excess gut nuclei in the embryo and adult without affecting gut specification and viability (Clucas et al., 2002; Kostic and Roy, 2002) . Embryos from cdc-25.1(rr31) mothers contain an average of 38 ± 3 gut nuclei, and adults have 57 ± 4 (Kostic and Roy, 2002) , which is greater than the number we observed in our HGS strains. We wished to determine whether HGS gut nucleus increases might synergize with cdc-25.1 gain-of-function to produce animals with even more E descendants. Control cdc-25.1(rr31) embryos displayed an average of 35.5 ± 5.6 nuclei in embryos and 56.5 ± 7.4 as adults (Table 2 ; Fig. 2B,D) , close to expectation (Kostic and Roy, 2002) . In the E(95) background, cdc-25.1(rr31) adults had an average of 53.8 ± 7.5 nuclei, and in E(50), 59.5 ± 5.8 (Fig. 2D) . Both are on the border of significance (0.05 < p < 0.07) when compared with cdc-25.1(rr31) alone, but have p=0.0003 when compared with each other (Student's t-test). Paradoxically, the individual E(95) and E(50) backgrounds exhibited different means (41.4 ± 7.9 for E(95) and 37.2 ± 6.0 for E(50), p=0.005) but in the opposite direction, i.e. E(50) had fewer gut nuclei on average than E(95) (Fig. 2C) . We make the conservative conclusion that HGS backgrounds combined with cdc-25.1(rr31) do not cause a further increase in adult gut nucleus numbers over what occurs in cdc-25.1(rr31) alone. This suggests that the mechanism by which HGS backgrounds cause an increase in cell division is either through CDC-25.1, or there may be an intrinsic limit to the number of gut descendants that can be made from the E founder cell (or a combination of both).
A marker that identifies E lineage descendants independently of their fate
We previously proposed that HGS strains experience hyperplasia within the E lineage, although the proportion of E descendants that adopt a gut fate can vary, resulting in significantly fewer than 20 gut nuclei in some embryos (Maduro, 2015) . To directly test this hypothesis, we attempted to follow the E lineage over time in HGS embryos carrying the wIs84 elt-2::GFP reporter by introducing ubiquitouslyexpressed nuclear-localized mCherry reporters (Murray et al., 2008) . In control embryos, we observed onset of elt-2::GFP in the 8E stage as expected. By following a small number of embryos by 4D time lapse in the E(50) background, we identified one in which the posterior four of the 8E cells activated elt-2::GFP, validating the notion that it is possible for part of the E lineage to acquire elt-2::GFP expression. However, we H. Choi et al. Developmental Biology 427 (2017) 49-60 were unable to reliably follow all of the descendants of E in time lapse recordings due to the increased number of such cells and their novel positions as described below. An alternative approach to following E descendants in time lapse would be to use a reporter that was specific to the E lineage, but independent of the fate adopted by its descendants. Embryos could then be observed at any stage, even when the location of the descendants, and cell division pattern, are not the same as in the wild type. We hypothesized that a transgene reporter for end-3 should be activated normally in the early E lineage in all HGS backgrounds, and as long as the reporter did not provide functional END-3 protein, it would also not interfere with specification. However, our existing end-3 transgenes are expressed only from the 2E through 8E stages (Maduro et al., 2005a) . Others have described an end-3::mCherry transgene, stIs10064, that shows expression long past the 8E stage (Murray et al., 2008) . We confirmed persistent expression of stIs10064 in the E lineage at multiple stages (Fig. 3A-C and data not shown) . To confirm that stIs10064 marks E descendants even when gut is not made, we crossed this reporter into the end-1(ok558) end-3(ok1448) double mutant background (Owraghi et al., 2010) . Expression was detectable even when E failed to be specified for gut (Fig. 3D,E) . We note that past the two-fold stage, additional non-intestinal expression occurs from stIs10064 in 2-4 small cells near the nerve ring, suggesting these are neurons (Fig. 3C,E) .
Gut misspecification causes extra divisions and stochastic acquisition of gut fate within the E lineage
We crossed stIs10064 and elt-2::GFP into the HGS strains to simultaneously mark all E descendants and the subset of these that acquires a gut fate, and chose the E(75) and E(50) backgrounds for further study. We obtained image stacks by confocal microscopy at approximately 300-350 min after fertilization, representing the 8E-16E stage of gut development, a time when the embryo and gut primordium have not yet undergone extensive elongation (Asan et al., 2016; Sulston et al., 1983) . We imaged embryos for GFP and mCherry and summarized the results in Table 3 and Fig. 4 , sorting the images into categories by the proportion of E descendants adopting a gut fate, generating a heat map to localize the E descendants across the various categories, and plotting elt-2::GFP nuclei vs. stIs10064 nuclei. As expected, control embryos showed colocalization of elt-2::GFP and stIs10064 in the middle-posterior of the embryo, and 10-16 nuclei consistent with the time window of observation (Fig. 4A, panel a;  Fig. 4B, panel a′; Fig. 4C , left plot). Among both E(75) and E (50) backgrounds, we observed a spectrum of embryos that showed from as few as a single elt-2::GFP-expressing cell to as many as 24 (Fig. 4A , panels b-e; Fig. 4C , center and right-most plots). Across both HGS strains, the number of E descendants, marked by stIs10064, ranged from 6 to 41, and the number of elt-2::GFP nuclei ranged from 0 to 24. The control embryos had an average of 12.4 ± 1.6 E descendants, all of which expressed elt-2::GFP. The milder HGS strain E(75) showed an average of 16.7 ± 4.8 E descendants, while the more strongly affected E(50) strain showed an average of 18.4 ± 6.7. When fewer E descendants exhibit elt-2 reporter expression in an embryo, the E descendants tend to migrate to positions away from the normal location of the gut primordium in the middle posterior (Fig. 4A,B) .
The results reinforce the notion that the fate of E in partially compromised strains is not consistent with a "wholesale" transformation to an alternate fate Owraghi et al., 2010) . We can make the following conclusions about the HGS strains: First, the number of E descendants made is generally at least as many as in the controls. Second, specification occurs stochastically among the E descendants, as opposed to E itself, as 46% of the E(75) embryos, and 16% of the E(50) embryos, exhibited expression of elt-2::GFP in a variable subset of E descendants. Third, the greater the probability that a strain fails to specify any gut, the greater the number of E descendants are produced, of which fewer adopt a gut fate, and the farther away from the middle-posterior of the embryo these migrate. The correlation between severity of the specification defect and the effect on the E lineage suggests that gut cells in HGS embryos result from stochastic acquisition of gut fate among the descendants of E.
HGS strains delay activation of ELT-2, but final levels appear normal
END-1 and END-3, with contribution from ELT-7, ultimately activate elt-2 to maintain differentiation of intestinal cells (Du et al., 2016; Fukushige et al., 1998; Sommermann et al., 2010; Wiesenfahrt et al., 2015) . Expression of elt-2 is then maintained by positive autoregulation (Fukushige et al., 1999) . The HGS strains exhibit stochastic specification of gut fate among descendants of E, suggesting that activation of elt-2 becomes delayed until later time points in the lineage, and that its activation is stochastic. Others have observed delayed activation of a transcriptional elt-2 reporter in the end-3 mutant background (Boeck et al., 2011) . As the more strongly affected HGS strains produce fewer gut cells overall, it is reasonable to hypothesize that activation of elt-2 in these strains becomes further delayed.
To evaluate onset of elt-2 activation, we used the wIs84 reporter. We examined several HGS backgrounds and observed embryos in real time under fluorescence microscopy to detect onset of expression. As predicted, among HGS embryos activating wIs84, onset was variable, with delayed onset correlating with severity of the specification defect across the strains (Fig. 5A) . Whereas control embryos experienced elt-2::GFP onset an average of 2.9 ± 0.6 h after four-cell stage, the HGS strains were delayed by 0.6 -1.7 h with standard deviations ranging from 0.5 to 1.0 (p < 10 −4 , Welch's T-test). All embryos that activated elt-2 retained expression until the end of embryogenesis, consistent with elt-2 onset marking the commitment to a gut fate.
The positive autoregulation of elt-2 suggests that even when initiation of expression is delayed, final expression levels should normalize to levels seen in the wild type (Fukushige et al., 1999) . We therefore examined embryos for their steady-state levels of elt-2 expression. The transcriptional reporter in wIs84, which we used above, may not accurately portray steady-state levels of expression of ELT-2, as it lacks most of the ELT-2 coding region . Instead, we used a different reporter, gaIs290, a chromosomal insertion of a fosmid clone carrying the elt-2 genomic region and surrounding genes with an in-frame GFP insertion into the coding region of ELT-2 (Mann et al., 2016; Sarov et al., 2006) . We crossed gaIs290 into the E(95) and E(40) backgrounds and obtained fluores- Table 3 Summary of E lineage vs. elt-2::GFP expression data at 300-350 min past fertilization. Strain E(100) (n=22) E(75) (n=100) E(50) (n=100)
Average # of E descendants 12.4 ± 1.6 a 16.7 ± 4.8 18.4 ± 6.7 Average # of elt-2::GFPexpressing 12.4 ± 1.6 9.1 ± 6.0 2.6 ± 5.2 nuclei % of embryos in which all E descendants 100% 33% 9%
expressed elt-2::GFP % of embryos in which some (but not 0% 46% 16%
all) E descendants expressed elt-2::GFP % of embryos with no elt-2::GFP 0% 21% 75% a SD.
H. Choi et al. Developmental Biology 427 (2017) [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] cence images of 1.5-fold embryos that we analyzed using ImageJ. Among control, E(95) and E(40) embryos, levels were indistinguishable ( Fig. 5B ; p > 0.2 across all pairwise comparisons, Welch's t-test).
The expression levels did not change with the number of elt-2-expressing cells present (Fig. 5C ). Acquisition of relatively normal elt-2 reporter expression has been observed in the E(95) background in a prior work (Wiesenfahrt et al., 2015) . Our results strongly suggest that a delay in the specification of gut fate is the basis for the stochastic activation of elt-2 among the descendants of E. Despite a delay in expression onset, however, cells that activate elt-2 ultimately achieve relatively normal levels of ELT-2 protein. The results show that the E cell cycle is exquisitely sensitive to timely activation of specification, as even the most mildly affected strain, E(95), demonstrates high variability in the number of cells produced by E. This effect is common to all of the HGS strains. The ultimate specification of gut fate, however, can be delayed at the expense of a reduction in the proportion of E descendants that activate elt-2. Forced early expression of ELT-2, even in the absence of end-1 and end-3, can generate an apparently normal intestine (Wiesenfahrt et al., 2015) , further consistent with delay of ELT-2 being the major cause of the defects we observe in the HGS backgrounds. However, in the HGS strains E(75) and E(40), we previously reported that adults demonstrate abnormal accumulation of lipids , suggesting that delayed specification has other effects on gut differentiation that are not compensated by ELT-2 in later stages (see Discussion).
The gut primordium accommodates supernumerary cells in two ways
The varied numbers of gut nuclei made in HGS embryos fall into two broad classes. In the first class, too few nuclei are present to allow formation of a normal gut. This is entirely consistent with how the C. elegans embryo develops, as neither compensatory proliferation (increase in cell number) nor compensatory hypertrophy (increase in cell size) have been reported to occur in the intestine, as occur in other animals in response to injury, for example (Haynie and Bryant, 1977; Ryoo and Bergmann, 2012; Tamori and Deng, 2014) . Ablation of part of the gut primordium shows that portions of the gut can develop in a mosaic fashion, although the degree of morphogenesis strongly depends on which parts of the gut remain (Leung et al., 1999) . As described earlier, our HGS strains suggested that partial guts with fewer than~15 cells do not support survival past the L1 stage.
In the second class of HGS embryo, there are approximately as many nuclei as in the wild type, and often an excess (Fig. 2B) . The survival of such embryos implies that organogenesis of the C. elegans intestine is able to compensate, or regulate, with respect to the number of nuclei in the gut. The apparent normal development of cdc-25.1(rr31) mutants, which have an average of~75% more gut nuclei at the end of embryogenesis, suggests this is the case (Kostic and Roy, 2002) . As our HGS strains affect both the cell lineage and cell fate, we wished to examine whether the extra embryonic nuclei that we observe in the HGS strains, and those in cdc-25.1(rr31) embryos, correspond to extra cells, and if so, how the extra cells assemble into the gut, apparently oblivious to the extra nuclei present.
To visualize the gut primordium in living embryos, we obtained marker zuIs70 that carries an end-1::GFP::CAAX membrane-targeted GFP fusion that labels the cytoplasmic face of the membrane in the developing gut (Asan et al., 2016; Rasmussen et al., 2013; Wehman et al., 2011) . To simultaneously visualize gut nuclei, we constructed an elt-2::mCherry::H2B reporter. We used control, E(95) and cdc- Embryos that did not activate the reporter were not included in the plot. (B) Expression levels of the gaIs290 translational ELT-2::GFP reporter. Fluorescence of individual nuclei was measured using ImageJ on digital images at 1.5-fold stage (identified by morphology) taken using identical settings across all embryos. Nuclei were chosen for analysis only if they were in focus (sharp outer edge and nucleolus). (C) Representative single focal plane images of 1.5-fold stage embryos expressing gaIs290. In the E(95) and E(40) examples, embryos are shown that contained too few and an approximately normal number of nuclei. For these panels, fluorescence images were taken at identical settings across all embryos, made monochrome and adjusted for contrast using the same settings. Embryos are approximately 50 µm long.
H. Choi et al. Developmental Biology 427 (2017) 49-60 25.1(rr31) backgrounds to evaluate gut development. The E(95) background was chosen as it generates the widest array of gut nucleus numbers among the HGS strains and is generally healthy (see Fig. 2B ).
We first examined embryos in all three backgrounds and examined whether nuclei that were clearly expressing elt-2::mCherry were individually surrounded by a membrane. Using zuIs70, we confirmed that 136 nuclei of the control, 155 of the E(95) background, and 142 of the cdc-25.1(rr31) background are surrounded by a membrane over 12-14 embryos per strain. Conversely, we found no examples of cells with more than one elt-2::mCherry nucleus. We conclude that gut nuclei in HGS and cdc-25.1(rr31) embryos correspond to individual mononucleate cells, even if the number of cells is in excess.
We next examined the gross effects of supernumerary gut cells on appearance of the primordium during morphogenesis. A recent work describing the detailed development of the gut, using the same zuIs70 marker, served as reference (Asan et al., 2016) . In the wild type, the 20-cell primordium is visible as nine groups of cells that form intestinal 'rings' called int1 through int9 (Asan et al., 2016) . The anterior-most four cells form int1, while the remaining 8 pairs of cells form int2 through int9. Prior observations suggest that extra cells in the gut can be accommodated in one of two ways. The first is that the intestinal rings can be made of more than two cells. This is supported by the observations that the anterior-most ring int1 already consists of four cells and that some mutant backgrounds suggest rings with 3 cells are possible (Asan et al., 2016) . The second way that extra cells may be incorporated into the gut is through the formation of extra intestinal rings. This is suggested by the way that normal formation of the last ring, int9, occurs late in gut development when a substantial portion of the primordium is already present (Asan et al., 2016) .
We examined embryos using both zuIs70 and elt-2::mCherry at the beginning of embryo elongation, and again at mid-elongation, around the 1.5-fold stage. During this time, cells within the developing intestine undergo intercalations and rotations of the rings around the future lumen, while the intestine also becomes longer, and resolves into the future int rings (Asan et al., 2016) . Sample images are shown in Fig. 6 . We were able to resolve cells in control gut primordia as expected (Fig. 6A -D, M-P). In particular, we observed 9 rings (n=57 embryos) with a highly stereotyped cell arrangement similar to that described in Asan et al. (2016) . In the E(95) background, we frequently observed cell arrangements and contacts that differed from wild type ( Fig. 6E-H) . At 1.5-fold elongation, guts exhibited both supernumerary rings and apparent extra cells in some rings (Fig. 6Q-T) . Of 43 E(95) embryos with excess gut nuclei, 53% exhibited extra intestinal rings, 30% had excess cells per ring (but a normal number of 9 rings), and 16% showed both extra rings and extra cells per ring.
To confirm that these changes were the result of cell cycle alterations and not possible changes in cell fate, we examined the gut primordia in the cdc-25.1(rr31) background. At the start of elongation, the primordium contained an excess of cells that maintained cohesion but nonetheless assembled in the correct overall location in the embryo (Fig. 6I-L) . The appearance of the cells was strikingly more abnormal in appearance than in E(95), likely due to the higher number of extra cells in this background. Despite this appearance, at elongation the gut primordia in cdc-25.1(rr31) resolved into an elongated shape (Fig. 6U-X It is possible that in the E(95) cdc-25(gf) backgrounds, extra cells become excluded from the gut in later stages. However, in our scoring of intestinal nuclei in young adults (Fig. 2) , we did not observe elt-2-or pept-1-expressing nuclei that were outside of the gut, suggesting that all E descendants that adopt a gut fate persist and are incorporated into the intestine, and that exclusions of such cells from the intestine are rare. Furthermore, the increase in numbers of gut nuclei in young adults compared with embryos (Fig. 2B,D) was consistent with survival of embryonic gut cells to adulthood.
Discussion
In this work we have advanced our prior studies of gut specification by focusing on the collective behavior of E descendants in backgrounds that partially compromise gut specification (Maduro et al., 2005a (Maduro et al., , 2007 . The relative simplicity of the C. elegans gut, in its specification, development and anatomy, contrasts with that of other systems. In Drosophila, the embryonic midgut arises from cells that invaginate from the posterior and anterior of the embryo (Reuter, 1994) . The adult gut is generated during metamorphosis, contains stem cells, and is capable of regeneration (Lemaitre and Miguel-Aliaga, 2013) . Loss of the Drosophila embryonic midgut specification factors srp or dGATAE results in embryonic lethality (Okumura et al., 2005; Rehorn et al., 1996) . In the far more complex development of vertebrates, the liver, the first endodermal organ to be specified, has distinct functions in the embryo and adult (Zaret, 2016) . Loss of the endoderm specification genes GATA4/6 or HNF-3b/FoxA2 is also lethal (Ang and Rossant, 1994; Holtzinger and Evans, 2005) . Hence, the C. elegans intestine represents a more tractable system in which to study organogenesis from embryo to adult, and in which mutations in gut specification genes can be compatible with development.
Our results show that a loss of robustness in gut specification differentially affects cell division pattern (Fig. 2) , commitment to endoderm fate (Figs. 4, 5) , and gut morphogenesis (Fig. 6 ), in a highly stochastic manner. The results show that wild-type cell divisions and acquisition of gut fate require the timely and robust expression of END-1 and END-3, an idea raised in our prior studies . When activation of the ends is partially abrogated, commitment to gut differentiation becomes delayed and stochastic within the descendants of E. Our results are similar to those observed with interference of Wnt/β-catenin asymmetry, which directly affects activation of end-1 and end-3 (Robertson et al., 2014; Shetty et al., 2005) , and a partial transformation of E fate observed some pop-1; end-1,3 embryos (Owraghi et al., 2010) . In these cases embryos did not complete morphogenesis, hence it was not possible to isolate effects on development to only the E lineage, or to follow the gut to adulthood, as we have done here. Nonetheless, it is apparent that perturbation of zygotic specification can reveal more nuanced effects on organogenesis. In our HGS strains, even mild compromise of specification resulted in supernumerary descendants of E, showing that the correct pattern of cell divisions is exquisitely sensitive to partially compromised specification, even when the majority of embryos make a functional gut.
The results also show that there is a proportional response to the delay in commitment to gut fate, as revealed by initiation of expression of a translational ELT-2 reporter. The stronger the specification defect, the later the acquisition of gut fate, the lower the proportion of cells that do so, and the more the descendants migrate away from the normal location of the gut primordium. These correlations are consistent with a probabilistic model of elt-2 transcription initiation, resulting from stochastic accumulation of END-1 and END-3 in the various HGS strains. This model extends the binary fate choice model proposed by Raj et al. (2010) that explains why~20% of progeny embryos from a skn-1 mutant mother make gut. In their model, gut specification depends on a threshold reached by stochastic levels of end mRNA (Raj et al., 2010) . Our results show that this binary choice can occur among the descendants of E when activation of end-1 and/or end-3 are perturbed zygotically. Studies to model the effects of endoderm gene network perturbations are in progress (S. Rifkin, personal communication).
We observed variable commitment to gut fate among the descen-dants of E in HGS strains. If not gut cells, what do these non-gut E descendants become? The apparent migration of many of these nongut E descendants away from the interior of the embryo suggests that these adopt adhesion and migratory behaviors of other cell types (Figs. 3 and 4A ). When complete transformations in E fate occur as a result of complete loss of end-1 and end-3, E adopts the fate of the C cell, which normally produces hypodermis and muscle (Hunter and Kenyon, 1996; Maduro et al., 2005a; Zhu et al., 1997) . Among all HGS strains we observe at least some embryos that completely lack gut and which resemble end-1,3(null) double mutants, suggesting that when some E descendants fail to adopt a gut fate, they adopt fates consistent with a partial E-to-C transformation in fate. Consistent with this, the E descendants of embryos lacking gut generally adopt posterior positions in the embryo (Fig. 4) , which is consistent with where muscle and hypodermal descendants of C are found (Sulston et al., 1983) . We have observed expression of the muscle-specific hlh-1::GFP reporter in nongut E descendants, and hypodermis-like cavities are sometimes seen in HGS embryos with partial guts, consistent with acquisition of C-like fates (Chen et al., 1994 ) (data not shown). We note that it is possible that the presence of these non-gut cells interferes with morphogenesis, contributing to the lethality that is observed among HGS embryos. Our results imply additional functions in the early endoderm specification network that regulate organ-level properties of the gut. These arise from the observation that steady-state levels of the differentiation factor ELT-2 appear to be normal in surviving HGS embryos and adults irrespective of the number of nuclei. We can infer that cell cycle changes in the E cell lineage that produce extra E descendants are determined before, and are subsequently not affected by, expression of ELT-2. This is evident in the E(95) strain in which onset of ELT-2 is delayed by an average of only 35 min, yet this strain produces a wide range of gut cell numbers among embryos. Aside from the cell lineage, there are likely to be changes in gut function in HGS strains. We previously observed that surviving E(75) and E(30) animals exhibit various pleiotropic effects, including a delay in postembryonic development, that are similar to those seen with dietary restriction Palgunow et al., 2012) . We have not observed such defects in the cdc-25.1(rr31) background, suggesting that supernumerary cells are not likely to be the cause of these defects (our unpublished results). There may therefore be additional target genes within the embryonic endoderm network that establish a normal pattern of cell divisions and metabolism; alternatively, delayed activation of ELT-2 may miss a time window in which normal patterns of ELT-2 target gene expression must be established.
Additional subtle defects likely exist within the intestine in surviving HGS adults as a result of changes in the cell lineage. Asan et al. (2016) observed that the lumen may contain abrupt changes in its orientation along the anterior-posterior axis if pairs of intestinal ring cell rotations fail to occur properly. As the embryonic ring rotations in normal embryos involve complex cell-cell interactions, it is likely that subtle defects in gut morphogenesis may occur in embryos with an excess of gut cells, especially as it appears that the arrangement of cells in such embryos is aberrant (Fig. 6 ). Future studies with additional markers will allow an assessment of more subtle aspects of gut morphology in HGS adults.
As part of our study of the HGS strains, we used a novel transgene, stIs10064, to mark the E lineage irrespective of the fates adopted by the E descendants (Fig. 4) . We were interested in why stIs10064 continues to be expressed until the end of embryogenesis, when endogenous end-3 and our prior end-3 reporters are restricted to the early E lineage (Maduro et al., 2005a ). This does not appear to be due to additional regulatory input of stIs10064, as E lineage expression of stIs10064 is abolished in med-1(ok804); med-2(cxTi9744) double mutant embryos (not shown), similar to the end-3::GFP reporter wIs137 . Rather, a comparison of known end reporters suggested to us that the transgene mRNA in stIs10064 is stabilized by the presence of the 3′UTR of let-858 in the reporter. Indeed, all of the reporters in Murray et al. (2008) exhibit persistence of embryonic expression after initial onset, likely for the same reason. Hence, this method of labeling descendants in cell specification mutants could theoretically be applied to any lineage.
We have also shown that even though HGS embryos produce widely varying numbers of gut cells, as long as there are a sufficient number of them, the developing gut can accommodate these during morphogenesis. Our evidence suggests that from the E8 to E16 time period, the developing intestine incorporates extra cells into the gut both by forming rings with extra cells and by forming extra rings. This ability is consistent with the > 80% viability of E(95) and the reported~100% viability of cdc-25.1(rr31) (Kostic and Roy, 2002) , both of which exhibit increased and variable numbers of gut cells (Fig. 2B) . These results suggest that the mechanisms that drive morphogenesis of the C. elegans intestine are robust to changes in the number of descendants of E when there are sufficient cells to make a gut, and even when there are almost twice as many cells. This means that the reproducible cell behaviors that occur during intestine morphogenesis among wild-type animals likely result from the highly reproducible cell division patterns from animal to animal.
Our results are consistent with the notion that evolution of specification gene networks in C. elegans is biased to assuring the robustness of the earliest steps. Indeed, the early gut specification network contains multiple, parallel maternal inputs, but at the level of differentiation, ELT-2 is the principal factor (with minor input from ELT-7) that maintains gut fate (Fig. 1C) McGhee et al., 2009; Sommermann et al., 2010) . Enforcement of timely gut progenitor specification also assures the generation of sufficient numbers of cells to form the intestine, as our stronger HGS strains exhibited fewer gut cells and reduced viability overall (Fig. 2B, Table 1 ).
The ability of the C. elegans gut to overcome drastic changes in the cell lineage may reflect an ancestral mode of organogenesis held over from species with more variable cell divisions. Over time, fine-tuning of the cell lineage may have favored a number of 20 cells because this is sufficient to make a functioning intestine while conserving the energy that would have been required for additional cell divisions. The HGS and cdc-25.1(rr31) strains, therefore, form a collection of strains in which to study organ-level mechanisms of morphogenesis that are robust to variability in the cell lineage.
